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Abstract: In this work, we studied in detail the reaction mechanism of modification of arginine (Arg), cysteine (Cys) and histidine (His) model 
amino acids upon the reaction with biologically relevant reactive aldehydes 4-hydroxy-2-nonenal (HNE) and 4-oxo-2-nonenal (ONE) in 
acetonitrile and acetonitrile/water systems by using high level ab initio calculations. We identified and characterized all of the reaction steps 
along two possible pathways – Michael addition pathway and Schiff base pathway resulting in the formation of Michael adducts/hemiacetals 
and carbinolamine/Schiff base adducts, depending on the reactive aldehyde and the reaction pathway. Overall energetics suggests that Arg 
amino acid is more reactive than Cys and His amino acids in both reaction pathways. We established that the ONE is in general more reactive 
than HNE and also found out that addition of water in the reaction steps involving proton transfer strongly catalyzes the reaction by decreasing 
prohibitively high free energy barriers. 
 





EACTION between amino acids and biologically 
relevant reactive aldehydes (RAs), such as 4-hydroxy-
2-nonenal (HNE)[1] and 4-oxo-2-nonenal (ONE)[2] which are 
constantly generated during oxidative stress,[3] re-
presents one of the main non-enzymatic post-trans-
lational modifications of proteins and lipids in living 
organisms.[4,5] In particular, amino acids, such as lysine 
(Lys), arginine (Arg), histidine (His) and cysteine (Cys), 
undergo nucleophilic addition to one of the reactive sites 
in HNE and ONE.[6,7] The covalent modifications of 
proteins induced by RAs result in various irreversible 
protein adducts, such as Michael and Schiff base 
adducts,[6] which can alter their normal physiological 
function. Usually, modified proteins are formed in 
relatively low concentrations during oxidative stress due 
to low RA concentration in physiological conditions and 
are swiftly metabolized by the cellular proteosomal 
system.[8] However, if the concentration of RAs generated 
during oxidative stress is very high, for example in 
pathological conditions, then the removal of modified 
proteins is not very efficient and can lead to severe 
consequences and diseases, such as diabetes 2, cancer, 
Parkinson’s disease, Alzheimer’s disease or athero-
sclerosis.[8–12] 
 The covalent modifications of various amino acids 
have been extensively reported in the literature. Above 
all, it is important to highlight the work of Sayre and his 
group, which were one of the pioneers in the 
investigation of amino acid modifications induced by 
RAs.[13–15] In particular, Sayre and coworkers have found 
that ONE is more neurotoxic and more reactive than HNE 
towards amino acids, and that cysteine is the most 
reactive amino acid in the series Cys ≫ His > Lys > Arg in 
water.[16] Petersen and coworkers also identified various 
products between HNE and ONE with model peptides by 
MALDI-TOF-MS, additionally confirming previous fin-
dings.[17] Incidentally, Petersen and coworkers have not 
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only with ONE. In addition to amino acids and small 
peptides, there have been numerous studies in the past 
on the addition of HNE and ONE to proteins, such as 
oxidoreductases, hydrolases, ion channels and cyto-
skeletal proteins.[5,18,19] In many cases, the most freq-
uently modified amino acid is cysteine due to its presum-
ably lowest reactivity, but modifications of histidine, 
lysine and arginine have also been found. 
 In our previous work, we have revisited in detail the 
reaction mechanism between model lysine amino acid and 
HNE in organic solvents containing different amounts of 
water.[20] We have shown a plethora of different reaction 
routes and products dependent on the water content, 
which have been identified by different spectroscopic 
techniques such as NMR and LC-MS. In particular, we have 
shown that the amino group readily reacts with either the 
C=C double bond in HNE or its carbonyl group, resulting in 
Michael and Schiff adducts as well as subsequent pyrrole 
and pyrimidinium salt adducts. Moreover, we have found 
out that increasing water content yields more polar 
products, such as Michael adduct and pyrimidinium salt 
adduct, in contrast to nonpolar solvents where nonpolar 
pyrrole adduct has been detected as a major product. 
 However, as other amino acids can also react with 
RAs as exemplified in the previous paragraphs, we will 
focus here on the reaction mechanism of other amino acids 
Cys, His and Arg with HNE and ONE, respectively, with the 
aim of elucidating and quantifying the reaction mechanism 
energetics which will be compared to Lys amino acid 
reactivity using identical computational setup as in the 
previous work. An overview of the general reaction 
mechanism between different amino acids and HNE and 
ONE, respectively, inspired by our previous studies and 
experimental evidence is presented in Figure 1. To the best 
of our knowledge, no computational studies aiming to 
clarify the reaction mechanism between RAs and Arg, Cys 
and His have been reported before, and this will represent 
the main topic of this work. 
Computational Methods 
Quantum chemical calculations of reaction mechanism of 
reaction between model Arg, His and Cys side chain 
 
Figure 1. General reaction mechanism between amino acid (arginine, cysteine, histidine) with HNE and ONE, respectively, 
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(protected by acetyl and N-methyl groups) and HNE and 
ONE (Figure 1), respectively, were performed in neat polar 
aprotic solvent acetonitrile (ε = 35.7) (ACN setup) and 
acetonitrile with one explicit water molecule (ACN+W 
setup) using SMD solvation model[21] at 298 K and 1 bar, 
similar to our previous work.[20] Despite limitations of 
polarizable continuum models (such as incapacity for 
appropriate accounting of entropy effects and thermal 
averaging), the use of implicit solvent models represents a 
good compromise for the systems of interest.[22]  
All calculations were obtained using SMD/MP2/6-
311++G(d,p)//B3LYP/6-31G(d) level of theory, i.e. geo-
metry optimizations were calculated at the SMD/B3LYP/6-
31G(d) level of theory[23,24] followed by MP2 single-point 
calculations on the optimized structures at the 
SMD/MP2/6-311++G(d,p) level of theory.[25,26] Stationary 
points, minima and transition states on the potential 
energy surface were identified by vibrational analysis. 
Transition state structures were verified by the presence of 
one negative eigenvalue, and by inspecting the 
displacement along the vibrational mode corresponding to 
the imaginary frequency. Gibbs free energies were 
calculated as a sum of single-point electronic energy and 
thermal correction to Gibbs free energy. All quantum 
chemical computations have been performed using 
Gaussian09 suite of codes.[27]  
 
RESULTS AND DISCUSSION 
Figure 1 shows an overview of a general reaction 
mechanism valid for the reaction mechanism between 
studied amino acids and RAs. We see that two possible 
pathways are responsible for two different product classes, 
namely Michael adduct pathway (1,4-nucleophilic addition) 
and Schiff base adduct pathway (1,2-nucleophilic addition). 
In the Michael adduct pathway, amino acid of interest 
reacts either with HNE and ONE, first resulting in the 
(possible) formation of a zwitterionic intermediate by 
nucleophilic addition of amino acid to the double bond of 
RA, which subsequently transforms to a Michael adduct by 
proton transfer reaction. After formation of a Michael 
adduct, in the case of HNE (but not ONE) an additional 
cyclization step involving proton transfer yields a 
hemiacetal adduct, which is the final product located in this 
pathway. On the other hand, a first step of the reaction in 
the Schiff base pathway is nucleophilic addition to the 
carbonyl group of RA, forming again a zwitterionic 
intermediate which can subsequently transform by proton 
transfer reactions and carbon-carbon coupling to a 
carbinolamine (or hemithioacetal adduct in the case of Cys) 
and a Schiff base adduct after elimination of water, 
respectively. In contrast to reaction of lysine with HNE, 
where the reaction can continue and finish in more 
complicated pyrrole and pyrimidinium salt adduct by 
further cyclization of a Schiff base adduct,[20] in the cases of 
Cys and His the formation of a carbinolamine (or 
hemithioacetal in the case of Cys) adduct with both HNE 
and ONE is actually the final product, whereas for the 
reaction of Arg with HNE and ONE the final product is a 
Schiff base adduct. In the following paragraphs, we will 
examine the reaction mechanism of reaction between Arg, 
Cys and His with HNE and ONE, respectively, and we will 
describe all the details of the reaction mechanism and its 
energetics. 
Modification of Amino Acids with HNE 
In this Section, we will briefly give an overview of possible 
reaction products between Arg, Cys and His amino acids 
with HNE, showing possible reaction routes leading to 
different products depending on the reaction pathway. 
After examination of possible reaction routes, we will study 
the energetics of the particular reaction in detail. 
 As a first example, in the case of reaction between 
arginine and HNE, two nucleophilic sites of Arg can be 
involved in reaction with double bond in HNE (Figure 2) 
both resulting in Michael adduct and hemiacetal adducts as 
reaction products (Figure 1). The difference in the reaction 
is in the nucleophilic group of Arg amino acid which in its 
neutral form possesses two possible nucleophilic sites 
located in the side chain guanidinium group, -NH2 (Figure 
2a) and =NH (Figure 2b), which can both react with HNE. In 
both cases, the reaction leads to Michael and hemiacetal 
adducts which only differ in the adduction site of Arg. 
 According to the Schiff base adduct pathway, the 
addition of Arg also proceeds via two nucleophilic sites 
 
 
Figure 2. Michael adduct pathway for reaction between –
NH2 group of arginine (panel a) and =NH group of arginine 
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(Figure 3) – however, when Arg reacts with its –NH2 group, 
the reaction can proceed to the final Schiff base adduct 
carbinolamine intermediates and subsequent water 
elimination (Figure 3a), whereas it stops in the 
carbinolamine intermediate when =NH group reacts with 
HNE (Figure 3b) since no protons are available for the 
subsequent proton transfer and elimination of water. 
 In the case of Cys, there is only one nucleophilic site 
(-SH group), which can react with HNE. The Michael adduct 
pathway leads to Michael and hemiacetal adducts (Figure 
4a), whereas the Schiff base adduct pathway leads only to 
hemithioacetal adduct and Schiff base cannot be formed 
(Figure 4b). 
 Finally, in the case of His modification with HNE, the 
situation is similar to Cys amino acid, where we found that 
–NH group in imidazole side chain ring reacts with HNE 
along the Michael adduct pathway resulting in both 
Michael and hemiacetal adducts (Figure 5a) and only the 
carbinolamine adduct in the case of the Schiff base adduct 
pathway (Figure 5b). 
 Now we turn to the energetics of the reaction. Table 
1 shows calculated free energies of the reaction at the 
SMD/MP2/6-311++G(d,p)//B3LYP/6-31G(d) level of theory 
in two different setups, ACN and ACN+W (see Computat-
ional Details). Free energy diagram showing reaction 
mechanism for formation of described adducts for all 
amino acids after reaction with HNE in acetonitrile (ACN 
setup) is presented in Figure 6, whereas free energy diag-
ram for the reaction mechanism with one explicit water in 
acetonitrile (ACN+W setup) is presented in Figure 7. 
 
 
Figure 3. Schiff base adduct pathway for reaction between 
–NH2 group of arginine (panel a) and =NH group of arginine 
(panel b) with HNE. 
 
 
Figure 4. Michael adduct pathway (panel a) and Schiff base 
adduct pathway (panel b) for reaction between –SH group 
of cysteine and HNE. 
 
 
Figure 5. Michael adduct pathway (panel a) and Schiff base 
adduct pathway (panel b) for reaction between –NH group 
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 First, we will focus on the reaction mechanism 
between amino acids and HNE along the Michael adduct 
pathway in neat acetonitrile (ACN setup, Figure 6). As a first 
step of the reaction, an amino acid (Arg, Cys, His) under-
goes nucleophilic addition towards the HNE double bond, 
resulting in zwitterionic intermediate 2M via transition state 
TS1, similar to Lys amino acid. However, this step is not 
operative in all cases, and 2M only forms when Arg attacks 
HNE with its =NH group (Figure 6) with free energy barrier 
of 20.9 kcal mol–1 (Table 1). In the next step, the thermody-
namically relatively unstable 2M (less stable than reactants 
by 10.2 kcal mol–1) is transformed to the 3M via proton 
transfer which costs 27.5 kcal mol–1 in the case of reaction 
of Arg and its =NH group. As indicated earlier, in the cases 
of reaction of Arg –NH2 group, Cys –SH group and His –NH 
group, the formation of Michael adduct 3M occurs in a 
single step via transition state TS2M without the formation 
of the unstable zwitterionic intermediate and requires 
44.0, 55.7 and 59.6 kcal mol–1, for reaction of Arg –NH2 
group, Cys –SH group and His –NH group with HNE, respec-
tively (Table 1). The Michael adducts are thermodynami-
cally more stable than the starting reactants by 3.3, 3.6, 
12.6 and 11.1 kcal mol–1, for adducts formed from Arg –NH2 
group, Arg =NH group, Cys –SH group and His –NH group, 
respectively (Table 1). As a final step of the reaction, a hem-
iacetal adduct 4 is formed via additional proton transfer 
reaction with almost identical free energy barriers for all 
systems of 37.7 kcal mol–1, 37.1 kcal mol–1, 36.4 kcal mol–1 
Table 1. Relative free energies of studied compounds vs. reactants in kcal mol–1 for the reaction between HNE and different 
amino acids along Michael adduct pathway (MA pathway) and Schiff base adduct pathway (SB pathway) calculated at the 
SMD/MP2/6-311++G(d,p)//B3LYP/6-31G(d) level of theory in acetonitrile (ACN setup) and acetonitrile with one explicit water 
molecule (ACN+W setup). 
HNE 
ACN setup ACN+W setup 
Arg –NH2 Arg =NH Cys –SH His –NH Lys(a) –NH2 Arg –NH2 Arg =NH Cys –SH His –NH Lys(a) –NH2 
MA-pathway 
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
TS1M – 20.9 – – 15.2 34.3 18.7 – – 15.0 
2M – 10.2 – – 8.2 31.9 9.1 – – 6.3 
TS2M 44.0 37.7 55.7 59.6 32.7 37.7 22.3 46.2 53.0 17.9 
3M –3.3 –3.6 –12.6 –11.1 –7.1 –0.6 –6.2 –13.7 –8.0 –10.5 
TS3M 34.4 33.5 23.8 26.2 30.9 21.7 20.9 7.3 14.6 12.8 
4M –3.8 –5.3 –14.0 –11.6 –9.1 –1.9 –5.8 –15.6 –7.7 –10.5 
SB-pathway 
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
TS1S – – – – – – 17.4 – – – 
2S – – – – – – 13.6 – – – 
TS2S 43.6 33.7 40.3 43.7 27.9 26.8 15.5 25.3 34.2 10.0 
3S 5.2 2.6 0.3 –0.6 –0.8 5.6 3.4 –1.5 –1.7 –2.9 
TS3S 54.8 – – – 39.3 42.5 – – – 22.9 
4 3.9 – – – –5.4 –1.2 – – – –7.3 
(a) Taken from Ref. [20]. 
 
 
Figure 6. Free energy diagram for Michael adduct path-
way (to the right) and Schiff base adduct pathway (to the 
left) for reaction between different amino acid nucleo-
philic group and HNE calculated at the SMD/MP2/6-






234 S. ŠKULJ and M. VAZDAR: A Computational Insight into Reaction … 
 




and 37.3 kcal mol–1, for adducts formed from Arg –NH2 
group, Arg =NH group, Cys –SH group and His –NH group, 
respectively (Table 1). Final hemiacetal adducts are ther-
modynamically more stable than reactants by 3.8, 5.3, 14.0 
and 11.6 kcal mol–1, for adducts formed from Arg –NH2, Arg 
=NH, Cys –SH, and His –NH groups, respectively. Interest-
ingly, Cys hemiacetal adduct is the most stable one, 
followed by His hemiacetal adduct, whereas both Arg 
adducts are relatively less stabilized when compared to 
Michael adducts and reactants. We should note that reac-
tions in neat acetonitrile require very high free energy 
barriers (more than 35 kcal mol–1) indicating that these 
reactions are not feasible in physiological conditions. 
 However, it has been shown earlier that proton 
transfer reactions can be strongly catalyzed by water, 
where free energy barriers can significantly decrease.[20,28] 
In order to check for the water catalysis effect, we added 
an explicit water molecule to the system (ACN+W). As we 
expect, free energy barriers for reactions involving  
proton transfer significantly decrease (Table 1, Figure 7). 
Interestingly, in contrast to ACN setup, zwitterion 
intermediate 2M is now formed also in the reaction of Arg 
with its –NH2 group, whereas in the cases of Cys and His the 
zwitterionic intermediate is not located. Overall energetics 
is qualitatively similar to the ACN setup, with significantly 
lowered free energy barriers for proton transfer reactions 
via TS2M and TS3M transition states. For example, in the 
conversion of zwitterionic intermediate 2M to Michael 
adduct 3M in the case of adduct formed from Arg  
–NH group, free energy barrier decreases from 37.7 to  
22.3 kcal mol–1. Still, the calculated free energy barriers are 
quite high, especially in the cases of Cys and His, but are 
significantly decreased compared to the ACN setup. Further 
addition of water molecules would probably decrease the 
barrier even more, as previously shown in the literature.[28] 
The stability of the final Michael adducts and hemiacetals 
shows a similar trend as in the ACN setup, where Arg 
adducts are less stable than Cys and His adducts. 
 As stated in the previous paragraphs, the Michael 
addition adduct pathway is not the only one responsible for 
adduct formation upon reaction with RAs. In particular, 
instead of a nucleophilic attack to the C=C double bond in 
HNE, nucleophiles can also react with the carbonyl group, 
resulting in the formation of carbinolamine (or hemi-
thioacetal in the case of Cys) 3S and Schiff base adducts 4S 
(Figure 6). In the ACN setup, all amino acids react directly 
via proton transfer yielding carbinolamine (or hemithio-
acetal in the case of Cys) adduct 3S via transition state TS2S, 
with free energy barriers of 43.6, 33.7, 40.3 and 43.7 kcal 
mol–1 for adducts formed from Arg –NH2 group, Arg =NH 
group, Cys –SH group and His –NH group, respectively 
(Table 1). Carbinolamine (or hemithioacetal in the case of 
Cys) adducts formed from Arg –NH2 group, Arg =NH group 
and Cys –SH group are by 5.2 kcal mol–1, 2.6 kcal mol–1 and 
0.3 kcal mol–1 thermodynamically less stable than the 
reactants, whereas His adduct is slightly stabilized by 0.6 
kcal mol–1 (Table 1). After carbinolamine formation, only 
the adduct formed from Arg –NH2 group reacts further  
via additional proton transfer and transition state TS3S  
with a large free energy barrier of 49.6 kcal mol–1 forming  
the final Schiff base adduct 4S which is thermo-dynamically 
less stable than reactants by 3.9 kcal mol–1 and thus unlikely 
to form. 
 We also studied the effect of the additional water 
added to the system (ACN+W setup). Just like in the 
Michael addition pathway, proton transfer reactions are 
catalyzed by ca. 15 kcal mol–1 (Table 1). Interestingly, in 
contrast to the ACN setup, a zwitterionic intermediate 2S is 
formed via transition state TS1S in the case of the reaction 
of Arg =NH group with HNE. All other reaction steps are 
identical to the mechanism obtained within the ACN setup, 
but the final Schiff base adduct 4S in the case of Arg –NH2 
group is thermodynamically more stable than the starting 
reactants by 1.2 kcal mol–1. 
Modification of Amino Acids with ONE 
In this Section, we will describe the reactivity of Arg, Cys 
and His amino acids with ONE, which has a keto group 
instead of a hydroxyl group in comparison to HNE (Figure 1). 
According to our calculations, all studied amino acids react 
in a manner similar to HNE, yielding similar products. 
However, the reaction mechanism is not identical and some 
of the reactions are not possible, in particular the cycliz-
ation of Michael adducts to hemiacetals. 
 Firstly, we will focus on the reaction of Arg amino acid 
with ONE. Nucleophilic addition of Arg to ONE can occur in 
two ways, depending whether –NH2 group (Figure 8a) or 
 
 
Figure 7. Free energy diagram for Michael adduct path-
way (to the right) and Schiff base adduct pathway (to the 
left) for reaction between different amino acid nucleo-
philic group and HNE calculated at the SMD/MP2/6-
311++G(d,p)//B3LYP/6-31G(d) level of theory in acetonitrile 
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=NH group (Figure 8b), undergoes the nucleophilic addition 
to the ONE C=C double bond. This results in the formation 
of Michael adduct as the final product of the reaction since 
further cyclization to hemiacetals is not possible due to the 
lack of the nucleophilic hydroxyl group present in HNE. 
Similar to the Schiff base adduct pathway in reactions of 
Arg with HNE, two possible reaction routes exist, 
depending which nucleophilic site of Arg reacts with the 
carbonyl group of ONE (Figure 9). 
 If Arg –NH2 group reacts with ONE, both 
carbinolamine and Schiff base adduct are possible reaction 
products (Figure 9a). On the other hand, if Arg =NH group 
reacts with ONE, only carbinolamine adduct is formed 
(Figure 9b). This mechanism is identical to the one observed 
in reactions of Arg with HNE. 
 As a next example, we will study the nucleophilic 
attack of the Cys –SH group to ONE. In this case, the Michael 
addition pathway yields only Michael adduct (Figure 10a) 
while Schiff base pathway results in hemithioacetal adduct as 
the final product of the reaction (Figure 10b). 
 Finally, we show a reaction mechanism for reaction 
of ONE with the –NH group in imidazole His side chain ring, 
resulting in Michael adduct (Figure 11a) and carbinolamine 
adduct (Figure 11b), similar to the reaction of Cys with ONE. 
 Relative free energies, calculated at the SMD/MP2/ 
6-311++G(d,p)//B3LYP/6-31G(d) level of theory in two 
different setups, ACN and ACN+W (see Computational 
Details) for the reaction between amino acids and ONE, is 
given in the Table 2. Free energy diagram showing 
formation of described adducts for all amino acids upon 
 
 
Figure 8. Michael adduct pathway for reaction between  
–NH2 group of arginine (panel a) and =NH group of arginine 
(panel b) with ONE. 
 
Figure 9. Schiff base adduct pathway for reaction between 
–NH2 group of arginine (panel a) and =NH group of arginine 
(panel b) with ONE. 
 
 
Figure 10. Michael adduct pathway (panel a) and Schiff base 
adduct pathway (panel b) for reaction between –SH group 
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reaction with ONE in acetonitrile (ACN) is presented in 
Figure 12, whereas free energy diagram for the reaction 
mechanism with one explicit water in acetonitrile (ACN+W) 
is presented in Figure 13. 
 Similar to the data analysis in the case of HNE, we 
will first focus on the mechanism of reaction along the 
Michael pathway in the ACN setup (Figure 12, Table 2). The 
formation of the zwitterionic intermediate 2M, via 
transition state TS1M, is observed for both Arg reactive 
Table 2. Relative free energies studied compounds vs. reactants in kcal mol–1 for the reaction between ONE and different amino 
acids along Michael adduct pathway (MA pathway) and Schiff base adduct pathway (SB pathway) calculated at the SMD/MP2/6-
311++G(d,p)//B3LYP/6-31G(d) level of theory in acetonitrile (ACN setup) and acetonitrile with one explicit water molecule 
(ACN+W setup). 
ONE 
ACN setup ACN+W setup 
Arg –NH2 Arg =NH Cys –SH His –NH Lys(a) –NH2 Arg –NH2 Arg =NH Cys –SH His –NH Lys(a) –NH2 
MA-pathway 
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
TS1M – 20.9 – – 15.2 34.3 18.7 – – 15.0 
2M – 10.2 – – 8.2 31.9 9.1 – – 6.3 
TS2M 44.0 37.7 55.7 59.6 32.7 37.7 22.3 46.2 53.0 17.9 
3 –3.3 –3.6 –12.6 –11.1 –7.1 –0.6 –6.2 –13.7 –8.0 –10.5 
SB-pathway 
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
TS1S – – – – – – 17.4 – – – 
2S – – – – – – 13.6 – – – 
TS2S 43.6 33.7 40.3 43.7 27.9 26.8 15.5 25.3 34.2 10.0 
3S 5.2 2.6 0.3 –0.6 –0.8 5.6 3.4 –1.5 –1.7 –2.9 
TS3S 54.8 – – – 39.3 42.5 – – – 22.9 




Figure 11. Michael adduct pathway (panel a) and Schiff base 
adduct pathway (panel b) for reaction between –NH group 
of histidine and ONE. 
 
 
Figure 12. Free energy diagram for Michael adduct path-
way (to the right) and Schiff base adduct pathway (to the 
left) for reaction between different amino acid nucleo-
philic group and ONE calculated at the SMD/MP2/6-
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groups, in contrast to HNE where only =NH group reacts in 
this way. Free energy barriers for reaction of Arg with its  
–NH2 and =NH group amount to 28.3 and 19.5 kcal mol–1, 
respectively, resulting in unstable intermediates 2M. 
Interestingly, the zwitterionic intermediate formed when 
Arg –NH2 group reacts with ONE is very unstable (even 
slightly less stable than the TS1M when thermal corrections 
are included), but we were able to locate it in contrast to 
the identical reaction with HNE. Both zwitterionic 
intermediates then undergo proton transfer reaction via 
transition state TS2M, resulting in the final Michael adducts 
3M, which are by 1.9 and 0.5 kcal mol–1 thermodynamically 
more stable than the reactants. The formation of Michael 
adducts are kinetically prohibited in physiological 
conditions (at human body temperature of 37 °C) in neat 
acetonitrile since the free energy barriers involve transition 
states which are by 44.9 kcal mol–1 and 36.1 kcal mol–1 
higher than the reactants. In the case of Cys and His amino 
acids, no zwitterionic intermediates 2M are located and 
both amino acids directly undergo proton transfer reaction 
and carbon–carbon coupling resulting in Michael adducts 
3M which are thermodynamically more stable than the 
reactants by 3.2 and 7.8 kcal mol–1, respectively. However, 
similar to the case of Arg amino acid, free energy barriers 
for formation of Michael adducts are again prohibitively 
high in neat acetonitrile, especially in the case of His amino 
acid where the barrier is larger than 60 kcal mol–1.  
 As previously shown in the case of amino acid 
reactions with HNE, proton transfer reactions can be 
catalyzed by the addition of a water molecule as studied 
within the ACN+W setup (see Computational Details). This is 
readily visible in this case as well, where prohibitively large 
free energy barriers are reduced by 10 – 15 kcal mol–1 (Table 
2), resulting in more realistic barriers for proton transfer, 
especially for reaction of Arg amino acid with ONE. In 
addition, final Michael adducts are thermodynamically more 
stable than the reactants by 5.0, 8.4, 14.7 and 6.4 kcal mol–1 
for adducts formed from Arg –NH2 group, Arg =NH group, 
Cys –SH group and His –NH group, respectively (Table 2). 
 In addition to the Michael adduct pathway, the Schiff 
base adduct pathway is operative in reaction of amino acids 
with ONE as well. The possible products of the reaction are 
identical to the case of ONE in ACN setup, resulting in the 
Schiff base adduct 4S only for adducts formed from Arg  
– NH2 group, while all other amino acids finish in 
carbinolamine (or hemithioacetal in the case of Cys) 
adducts 3S. In particular, free energy barriers for formation 
of carbinolamine (or hemithioacetal in the case of Cys) via 
transition state TS2S in acetonitrile amount to 44.5, 34.0, 
55.7 and 46.4 kcal mol–1 for adducts formed from Arg –NH2 
group, Arg =NH group, Cys –SH group and His –NH group, 
respectively (Table 2). Carbinolamine adducts 3S are 
thermodynamically less stable than the reactants, expect in 
the case of Cys adduct where the hemithioacetal adduct in 
the case of adduct is by 15.0 kcal mol–1 more stable than 
the starting reactants. Like in the case of HNE, 
thermodynamically unstable Schiff base adduct 4S, less 
stable than the reactants by 3.0 kcal mol–1, is formed only 
from the carbinolamine adduct formed from Arg –NH2 
group via transition state TS3S with prohibitively large free 
energy barrier of 45.7 kcal mol–1. 
 The strong catalytic effect of water is visible in the 
Schiff base adduct pathway as well, where addition of wa-
ter molecule within the ACN+W setup results in decrease of 
free energy barriers for proton transfer reactions by 15 – 20 
kcal mol–1. In addition, the zwitterionic intermediate 2S is 
formed via transition state TS1S in the case of the reaction 
of Arg =NH group with ONE, similar to the situation ob-
served in identical reaction with HNE. Carbinolamine ad-
ducts (or hemithioacetal in the case of Cys) 3S are 
thermodynamically less stable than reactants in the case of 
Arg adducts (by 3.7 and 0.7 kcal mol–1), whereas in the case 
of Cys and His, final carbinolamine adducts (or hemithio-
acetal in the case of Cys) are more stable than the reactants 
by 5.2 and 3.0 kcal mol–1. Finally, Schiff base adduct 4S is 
formed only from the carbinolamine adduct formed from 
Arg –NH2 group via transition state TS3S with free energy 
barrier of 35.8 kcal mol–1, which is by ca. 10 kcal mol–1 lower 
than in the case of ACN setup without explicit water. 
 
DISCUSSION AND CONCLUSION 
In this work, we described rich chemical transformations in 
the reactions between reactive aldehydes and Arg, Cys and 
His amino acids. The reaction mechanism presented here is 
quite complex, and results in a number of different 
products along the reaction route. However, the reaction 
mechanism of covalent modification of studied amino acids 
 
Figure 13. Free energy diagram for Michael adduct path-
way (to the right) and Schiff base adduct pathway (to the 
left) for reaction between different amino acid nucleo-
philic group and ONE calculated at the SMD/MP2/6-
311++G(d,p)//B3LYP/6-31G(d) level of theory in acetonitrile 
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with HNE and ONE, although similar to the mechanism of 
lysine studied in our previous work,[20] is a bit different. In 
particular, free energy barriers for reactions of Arg, Cys and 
His with HNE for both Michael addition pathway and 
Schiff base adduct pathway are in general higher for all 
studied reaction steps. Specifically, the rate determining 
step involving transition state TS2M in the case of Cys and 
His and neat acetonitrile (ACN setup) involves free energy 
barriers which are very high, being over 50 kcal mol–1, 
whereas in the case of Arg, the analogous free energy 
barriers for reaction of Arg with HNE are lower and 
comparable with Lys (Table 1). In the case of the Schiff 
base adduct pathway in acetonitrile, free energy barriers 
which determine the rate of the reaction are lower in 
comparison to Michael adduct pathway, but are still over 
30 kcal mol–1. Upon addition of water (in the ACN+W 
setup), the situation changes a little and barriers are 
significantly lowered, but are still quite high as compared 
to Lys for both pathways.  
 The calculated energy profiles and suggest that Lys 
should be the most reactive amino acid in the series for 
reaction with HNE, followed by Arg, Cys and His. This is in 
apparent contrast to LC–MS experiments where Cys amino 
acid should be the most reactive amino acid in water.[16,29] 
However, the analysis of the reaction mechanism studied 
here is performed in acetonitrile and acetonitrile/water 
mixtures, whereas the LC–MS experiments were 
performed in phosphate buffers.[17] This actually poses a 
problem, since HNE and ONE are very sparsely soluble in 
water and described experiments in water have been 
performed in 20x excess of RAs vs peptide. Therefore, the 
experimental conditions were not identical to our setup, 
which may partly explain the observed differences in 
reaction kinetics. In addition to low solubility of RAs in 
water, amino acids have different protonation state in 
water too (depending on their pKa value) in contrast to 
acetonitrile. In order to generate a nucleophilic specie 
ready for nucleophilic addition (see Results section and 
individual reaction mechanisms for single amino acids), one 
has to take into account also the deprotonation energy of 
amino acid in water which is higher for Arg than for Lys, Cys 
and His (corresponding pKa values are 12.5, 10.8, 8.3 and 
6.0, respectively). Therefore, the reactivity order might 
significantly change in water, depending on the amino acid 
deprotonation energy. The reason why we chose 
acetonitrile instead of water is motivated by the fact that 
HNE and ONE have very low solubility in water and it is 
difficult to control the reaction without knowing exactly 
how much of the reactive aldehyde actually enters the 
reaction. This in turn can also lead to the reactions with a 
different stoichiometry than predicted, thus even further 
blurring the details of the reaction mechanism.  
 In the case of the reaction of studied amino acids 
with ONE, only adducts formed from Arg =NH group 
have barriers which are relatively small (below 25 kcal 
mol–1) and can be relevant to the physiological con-
ditions, although free energy barriers for other systems 
are lower when compared to HNE, indicating that ONE 
might be more reactive than HNE as experimentally 
suggested. Still, the free energy reaction barriers are still 
quite high for His and Cys, suggesting that they are  
less reactive than Arg in contrast to LC–MS experimental 
measurements in water by Petersen. Similar to the case 
with HNE, addition of water has a strong effect on  
the reduction of free energy barriers involving proton 
transfer (Table 2). Here, we should mention that reac-
tion between Lys and ONE was not studied in this work. 
Surprisingly, for this particular reaction Sayre and co-
workers have proposed that the main reaction product 
of Lys addition to ONE via Michael adduct pathway is not 
the Michael adduct. Instead, the ketoamine adduct  
is formed in contrast to other amino acids which  
produce Michael adducts.[14] The details of the reac- 
tion mechanism between Lys and ONE are not under-
stood well and are currently under investigation in our 
group. 
 In summary, we presented in this work the intricate 
details of the reaction mechanism of modification of Arg, 
Cys and His amino acids with reactive aldehydes HNE and 
ONE in acetonitrile and acetonitrile/water systems. We 
identified all of the reaction steps and calculated 
complete energetics of the reactions. We found out that 
in the Michael addition pathway with both HNE and ONE, 
Arg has the lowest reaction barriers, whereas Cys and His 
have prohibitively large barriers, even with the addition 
of water which significantly lowers high free energy 
barriers in proton transfer reactions for all systems. In the 
case of Schiff base adduct pathway, the situation is similar 
and Arg has the lowest free energy barriers along the 
reaction pathway in contrast to His and Cys. These results 
are in contradiction with available experimental results 
where it has been found that Cys is more reactive than 
other amino acids,[16,17] but we should stress that these 
experiments have been performed in water in contrast to 
the present study which used acetonitrile and 
acetonitrile/water as model solvents. Still, the reaction 
mechanism should be similar in water as well, although 
additional facts, such as low solubility of RAs and 
deprotonation energy should be taken into account. 
Finally, the free energy barriers involving His and Cys 
amino acids are relatively smaller than in the case of the 
reaction with HNE, suggesting that ONE is more reactive 
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